Poly͑3-alkylthiophene͒ formed regular, layered arrays and showed liquid crystalline structures in the solid state. To elucidate the nanophase segregation in poly͑3-alkylthiophene͒/fullerene blends, X-ray diffraction, atomic force microscopy, scanning electron microscopy, and polarized optical microscopy were conducted. The effect of side-chain influence on the photovoltaic properties of solution-processed poly͑3-alkylthiophene͒/fullerene blends has been studied in this paper. Side chains investigated here include butyl, hexyl, and dodecyl groups. It shows that the photovoltaic performance is strongly affected by the length of side groups, which alters the morphology of the photoactive layer due to changes in solvent solubility, miscibility, and fullerene diffusion rate in the blends. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3461139͔ All rights reserved. Converting solar energy into electrical energy is becoming ever more important due to the crisis in conventional energy sources nowadays. Organic solar cells ͑OSCs͒ 1-13 that are based on conjugated polymers have attracted much attention because of their potential advantages, including low cost of fabrication, ease of processing, mechanical flexibility, and versatility of chemical structure, as a result of the advances in organic chemistry. Recently, the progress of the technology has been demonstrated in real-life applications.
Converting solar energy into electrical energy is becoming ever more important due to the crisis in conventional energy sources nowadays. Organic solar cells ͑OSCs͒ [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] that are based on conjugated polymers have attracted much attention because of their potential advantages, including low cost of fabrication, ease of processing, mechanical flexibility, and versatility of chemical structure, as a result of the advances in organic chemistry. Recently, the progress of the technology has been demonstrated in real-life applications. [14] [15] [16] One of the recent papers 17 states that further cost reduction has to come through efficient molecular design. However, the low efficiency of these OSCs limits their feasibility for commercial use. The efficiencies of polymer photovoltaic ͑PV͒ cells got a major boost with the introduction of the bulk heterojunction ͑BHJ͒ concept. 7 Conceptually, the formation of a BHJ phase allows for bulk separation of photoinduced excitons and high mobility removal of electrons through the nanophase. Poly͑3-alkylthiophene͒s ͑P3ATs͒ have been the most used p-type material [8] [9] [10] in PVs, along with a fullerene derivative, ͓6,6͔-phenyl C61-butyric acid methyl ester ͑PCBM͒, as an electron acceptor. However, the difficulty in these systems arises when we account for the effects of morphological modifications in the P3AT phase due to the introduction of the nanophase. 1, 11 There are many studies that investigated the effects of processing parameters on blended photoactive nanophase. Even if the donor and acceptor have an ideal electronic relationship, the performance of BHJ solar cells still depends on the physical interaction of the donor and acceptor components, which is manifested by the composite morphology. The morphology of the active layer depends on the interplay between several intrinsic and extrinsic variables. The intrinsic properties are those that are inherent to the polymer and the fullerene, as well as the fundamental interaction parameters between the two components. These include the crystallinity of the two materials as well as their relative miscibility. The extrinsic factors include all the external influences associated with device fabrication, such as solvent choice, overall concentration of the blend components, deposition technique ͑spin-coating, ink-jet printing, roller casting, etc.͒, solvent evaporation rate, as well as thermal and/or solvent annealing. The number of factors affecting the morphology of the active layer is immense and specific to the polymerfullerene pair used.
In this work, we report the effects of the length of the alkyl side chain of P3ATs on the physical interaction of the donor and acceptor components, on the composite morphology, and eventually on the PV device performance. Our experiment revealed that the effects of the length of the alkyl side chain of P3ATs on the performance of polymeric PV devices are present in different ways and greatly depend on the fabrication conditions of the polymer thin film, primarily the annealing temperature.
Experimental
Materials.-Poly͑3-butylthiophene͒ ͑P3BT͒, poly͑3-hexylthiophene͒ ͑P3HT͒, and poly͑3-dodecylthiophene͒ ͑P3DDT͒ used in this study were purchased from Aldrich and used without further purification. The regioregularity of the polymer samples measured by 1 H-NMR ͑Table I͒ are 81, 83, and 86% for P3BT, P3HT, and P3DDT, respectively. Spectroscopic grade chloroform was used for preparing polymer solutions. All polymer solutions were prepared by stirring solutions at 50°C overnight.
Characterization.-Gel permeation chromatography analysis was conducted with a Polymer Laboratories high performance liquid chromatography system, using poly͑styrene͒ as the standard and tetrahydrofuran as the eluent. The information on Mw's, polydispersity, and polymer solubility is shown in Table I . UV spectra were recorded using a DMS-300 spectrophotometer. A polarized optical microscope ͑Nikon Optihot͒ was employed to observe morphological textures of the polymer thin films. The surface morphologies in nanometer scale were characterized using scanning electron microscopy ͑SEM͒ and atomic force microscopy ͑AFM͒. An Ultra-55 scanning electron microscope from Carl ZEISS SMT was utilized. AFM experiments were carried out on the dried films at room temperature in air using Nanoscope III instruments. Most of the images were obtained by means of the tapping mode ͑height and phase͒ with a silicon nitride cantilever ͑Olympus Optical Co., Ltd., Japan͒ of 42 N/m spring constant and of 300 kHz resonating frequency. The scanning rates were varied from 1 to 2 Hz. All images presented in this work were obtained reproducibly over at least three spots on the sample surfaces. X-ray diffraction ͑XRD͒ measurements were performed using a Philips X'PertPro diffractometer. The thin films were studied in grazing-incidence diffraction geometry to increase the effective X-ray path length for scattering in the P3AT:PCBM layers. The angle between film surface and incident beam was fixed at 0.3°. As radiation source, a monochromatic Cu K␣ beam with a wavelength of = 0.154 nm was applied. The detector scans at the angle 2 in a plane defined by the incident beam and the surface normal. The work functions of these materials in air were measured through photoelectron spectroscopy ͑PESA, AC-2͒.
Device fabrication.-Devices were fabricated on glass/indium tin oxide ͑ITO͒ substrates. After cleaning ITO, a 15 nm thick poly͑ethylenedioxythiophene͒/poly͑styrenesulfonic acid͒ ͑PEDOT-:PSS, Baytron AI4083͒ was spin-coated. Subsequently, the photoac-tive layer ͑ca. 100 nm͒ consisting of P3AT blended with PCBM 1:1 by wt was spin-coated on the top of the PEDOT:PSS layer from a 1.0 wt % chloroform solution, followed by film drying in a vacuum oven at 60°C for 10 min, except as stated. The metal electrode ͑Al, 200 nm͒ was thermally deposited through a shadow mask to make cells with an active area of 4 mm 2 . Photocurrent-voltage measurements were recorded with a Keithley 2400 source meter. A solar simulator ͑NewPort, model Oriel 91160͒ equipped with a 300 W xenon lamp ͑model 6258͒ was used as a light source to realize AM1.5G conditions ͑100 mW/cm 2 ͒, where light intensity was adjusted using a National Renewable Energy Laboratory-calibrated mono Si solar cell with a KG-3 filter. For comparison, all thin films for absorption spectrum measurement and device fabrication were prepared with similar thicknesses by controlling film-forming conditions. The devices were made without any optimizations and measured at ambient conditions
Results and Discussion
Thermal properties.-The thermal properties of the polymers were investigated using thermogravimetric analysis ͑TGA͒ and differential scanning calorimetry ͑DSC͒. In Fig. 1 , the TGA thermograms for P3BT, P3HT, and P3DDT are shown, which indicate two decomposition processes for each of the three polymers. The first process, starting at about 450°C with weight losses of 62, 68, and 78% for P3BT, P3HT, and P3DDT, respectively, was attributed to the degradation of the alkyl side chains. The second process, starting at about 550°C with char residues of 35, 27, and 18% at 700°C for P3BT, P3HT, and P3DDT, respectively, was attributed to the degradation of the main chain. The initial thermal degradation temperature of about 450°C was well above the highest temperature ͑300°C͒ used in DSC experiments; furthermore, the samples were solvent-free within the TGA limits of detection. This guarantees that no artifact will be seen in the DSC and microscopy studies, which are shown below.
Mesophase behavior is common in hairy rod polymers, such as poly͑phenylenevinylene͒s, 18 polythiophenes, 19, 20 and some polyphenylenes. 21 Polarized optical microscopy ͑POM͒ revealed liquid crystalline structures in P3HT and P3DDT thin films ͑see supporting information 22 ͒, which had been reported by our group. 23, 24 In the later section, the layered structures indicated by XRD also strongly suggest the presence of liquid crystalline structures in these polymers. Because the details of POM studies have been described in a previous publication, they were not shown here. In the context of this paper, the microscopy observations are used here only for the purpose of identifying the isotropization temperatures to compare with the disordering temperatures shown in DSC scans.
To imitate the rapidly frozen morphology of active materials in OPV devices, the polymer samples in the DSC measurement were initially annealed at 300°C ͑isotropic phase͒ for 5 min and then fast quenched to −50°C using liquid nitrogen as coolant. Afterward, the samples were heated from Ϫ50 to 300°C at the rate of 10°C/min, and DSC thermograms are shown in Fig. 2 . In the DSC scans of P3BT ͑Fig. 2a͒ and P3HT ͑Fig. 2b͒, only one apparent endothermic transition is seen at 246 and 217°C, respectively, which was attributable to the disordering of the supramolecular structure. Besides, an ambiguous shallow endothermic transition was observed at 53 and 15°C for P3BT and P3HT, respectively, which was attributed to the side chain motion and would be clarified later. When the length of the side chain was increased from C6 to C12, the thermogram of P3DDT ͑Fig. 2c͒ showed a broad endothermic event which began as an increase in specific heat followed by a shallow first-order transition spanning Ϫ5 to 75°C. The origin of this transition is an unsettled issue in the literature. Rodriguez-Parada et al. 25 and our group 26 observed transitions spanning 60-120°C in n-octyl-disubstituted rigid aromatic polyester and polyether, respectively, which were attributed to the side chain motion. Thermal transitions were not found in the 60-120°C regions in n-octylsubstituted polythiophene ͑rigid͒, hydroxylpropylcellulose ͑semiflexible͒, and polymethacrylate or polyacrylate ͑flexible͒. Additionally, it is the well-known long alkyl groups ͑ϾC12͒ in many rigid or flexible polymer that intercalate and develop crystalline structures same as those of paraffinic hydrocarbons. We propose that the broad endot- herm shown in the thermogram of P3DDT ͑Fig. 2c͒ is a combination of melting and mesophase transition induced by side chain melting and motion. Similar observations were reported by Wang et al. 19 and Tachibana et al. 20 Moreover, Wang et al. reported that when P3ATs were cooled rapidly from isotropic melts, the samples were red and presented mesophases, which is distinct from the ones prepared with slowly cooling to ambient, showing the well-known violet and crystalline phases. We plan to carry out X-ray measurements at different temperatures to gain a better understanding of the underlying process. At higher temperatures, multiple endotherms with two major peaks at 149 and 162°C were observed. The former can be assigned to a high order mesophase transition, which is supported by the X-ray data shown later, and the latter coincides with the temperature of transformation of the mesophase to the isotropic melt as shown by POM.
Solid-state structure.-Grazing incidence XRD is a useful method for characterizing films of semicrystalline polymers such as P3ATs. The supramolecular structures of the polymers were investigated by XRD with thin films prepared by rapid cooling from isotropic melts. Afterward, the X-ray scattering profiles of P3ATs at room temperature and at temperature rising program are shown in Fig. 3 and 4 , respectively, and the corresponding d spacings are calculated and tabulated in Table II . For each sample at room temperature ͑Fig. 3͒, there are only broad reflections in the high angle region ͑2 ϳ 15-25°͒, which indicate a low degree of structural order. The d spacings of 3.1 and 3.8 Å were assigned 26 for P3BT and P3HT, respectively, as the distances of two thiophene ring planes between the rigid backbones. In the polymer P3DDT with longer side groups ͑C12͒, the d spacing was increased from 3.5 to 5.5 Å. It is the well-known long alkyl groups ͑ϾC12͒ in many rigid or flexible polymer that intercalate and develop crystalline structures same as those of paraffinic hydrocarbons, and the d spacings of the side-chain crystals have been determined by many researchers 27 to be 3.9 and 4.2 Å, indistinguishable from the stacking distances of the thiophene rings in P3DDT. For this reason, we did not observe a separate set of X-ray reflections. However, the d spacing analysis shows that the distances of two thiophene ring planes between the rigid backbones increase gradually with increasing side-chain length. Consequently, a longer side-chain length leads to an increase in the interspacing between the rigid conjugated backbones. Therefore, it can be expected that for a larger spacing, the thermally stimulated diffusion of PCBM will be less hindered by the conjugated polymer backbones. Furthermore, PCBM can already move more freely during the film-formation process, and therefore larger PCBM aggregates in the as-cast blend film may be formed for the longer side-chain polymers. These points will be well elucidated in later sections. In the low angle region ͑2 Ͻ 15°͒, there are two to three reflections for each polymer. The largest spacing represents the intermolecular distance between two conjugated rigid backbones. The smaller spacings are higher order reflections that correspond to 1/2 ͑second order͒ and 1/3 ͑third order͒ of the value of the first-order reflection. These results are typical of chains arranged in regular, layered arrays. From the intermolecular distances, there seems to be no interdigitation of the side chains in P3BT and P3HT if the structure proposed by Li et al. 28 is used in the calculation. For the polymer P3DDT with longer side groups, the spacings spanning from 26.7 to 35.3 Å for C12 disubstituted polymer coincide with DSC results due to the multiple mesophase modifications. As temperature goes up ͑Fig. 4͒, various d spacings converge on one of the d spacings around 29 Å, which is consistent with a slight interdigitation of the side chains; alternatively, Rodriguez-Parada et al. 25 proposed a bilayer model for some alkyl-substituted rigid polymers in which the backbones are aligned in a zigzag pattern and the side chains are not interdigitated but tilted at an angle to the backbone. Our limited X-ray data cannot distinguish the two models. As temperature rises further, not only do the d spacings increase gradually but also the XRD peak heights at the low angle region, i.e., first, second, and third-order diffractions, become evident. This indicates that the spatial number density of the mesophase modification with a d spacing around 29 Å increases as the temperature increases. Figure 5 displays the XRD results of all investigated P3DDT:PCBM blend films at different temperatures. The XRD results show that in the low angle region, there are three major d spacings at 8.3, 4.6, and 4.4 Å, respectively, which are attributed to the diffractions of pristine PCBM thin film. Extracting above three major diffractions from the XRD profiles in Fig. 5 , the remaining XRD profiles present patterns similar to those of P3DDT at different temperatures. In other words, the XRD profiles of P3DDT:PCBM blends present superposition properties of two consisting components ͑P3DDT and PCBM͒.
Device characterization.-Ultraviolet-visible ͑UV-vis͒ absorption and electronic energy level information of P3ATs are shown in Table III . Figure 6 exhibits the resulting energy band diagram related to the work function of ITO and aluminum ͑Al͒, which are usually applied as electrodes in polymer solar cells. As shown in Fig. 6 , the highest occupied molecular orbital ͑HOMO͒ of all three polymers is distinctively higher in energy than that of PCBM. Nevertheless, the relative positions of the donor lowest unoccupied p-molecular orbital ͑LUMO͒ and the acceptor LUMO are important for the intended charge transfer. The differences between the LUMOs of P3BT, P3HT, or P3DDT and the LUMO of PCBM are in the range of 1.1-1.2 eV, respectively. It seems that these differences are sufficiently high to enable an unrestricted and directed charge transfer, as will be described in the following.
For comparison, current-voltage ͑I-V͒ characteristics of nonannealed ͑as-cast͒ and annealed ITO/PEDOT:PSS/P3AT:PCBM/Al devices under AM1.5 illumination are shown in Fig. 7 . Figure 7 shows that except for the P3HT-based devices, upon annealing, a decrease of the fill factors ͑FFs͒ and short-circuit currents as well as a relatively strong voltage-dependent photocurrent are observed, reflecting severe charge-transport limitations. To better understand the morphological effects on device performance and to decouple the individual effects of the several processes occurring during device annealing, we treated samples based on the different P3ATs identically at 130°C for 10 min to enable a direct comparison. The performance of the PV devices with and without annealing for all P3ATs is listed in Table IV . Upon annealing, we observe the shortcircuit current density decreased for devices b and f and the opencircuit voltage increased for devices b and d. The reason for the above observations under thermal stress can be related to too coarse phase separation in devices b and f, and miscibility and interface affinity enhancement in the case of devices b and d, as elucidated by AFM, SEM, and POM results in the following. Morphological differences in blend films were measured by tapping-mode AFM and SEM as well as POM to detect nanophase segregation and larger PCBM crystals. Figure 8 shows a series of AFM images of the as-cast and annealed P3AT:PCBM blends, and the detailed root mean square ͑rms͒ film roughness results are listed in Table V . The results show that ͑i͒ in the as-cast films, rms film roughness are 3.76, 0.31, and 1.37 nm for P3BT:PCBM, P3HT:PCBM, and P3DDT:PCBM blends, respectively. This indicates that the coarse phase segregation existed in the as-cast film of P3BT:PCBM blend due to an unsatisfactory dissolving behavior in chloroform ͑Table I͒. ͑ii͒ Upon annealing, the film roughness of the P3DDT:PCBM blend increases dramatically. It decreases slightly for both P3BT:PCBM and P3HT:PCBM blend films due to the film stress relaxation built during film preparation and formation. Therefore, to better clarify the issue of film roughness increase in the P3DDT:PCBM blend upon annealing, SEM and POM for the film of P3DDT:PCBM blend were conducted and results are shown in Fig.  9 and 10, respectively. Figure 9 indicates that the as-cast film of P3DDT:PCBM blend has already shown small PCBM aggregates ͑0.5 m͒ in some regions of the film, and upon annealing, the aggregates grew up to about 3.0 m, spreading all over the film. These phenomena are not observed in the films of P3BT:PCBM and P3HT:PCBM. For comparison, Fig. 10 displays the morphological textures of the pristine P3DDT film and P3DDT:PCBM blends. Upon annealing, the pristine P3DDT film ͑Fig. 10a͒ does not show apparent morphological change, whereas a small phase separation can be observed for the as-cast film of P3DDT:PCBM blend ͑Fig. 10b͒, and upon annealing, the film of P3DDT:PCBM blend ͑Fig. 10c͒ exhibits a morphological destruction expressed by a large-scale phase separation which can be clearly viewed from optical microscopy. In P3DDT:PCBM blends, rather large ͑micrometer-sized͒ particles become visible under optical microscopy and can be assigned to aggregated PCBM crystallites. Thus, the remaining matrix film between those PCBM aggregates almost exclusively consists of the polymer P3DDT.
Based on the above observations, we try to postulate the phase separation processes as follows. In P3BT:PCBM blend film, it shows a coarse phase segregation throughout the whole process due to a poor solubility in chloroform. However, in P3HT:PCBM blend film, owing to the rapid solvent removal during the course of spincoating, the as-cast film presents a nanophase segregated morphology which could be conceived with spinodal decomposition. Subsequently, upon annealing at 130°C, nucleation ͑crystallite and/or liquid crystallite͒ and growth proceed with every finely dispersed nanophase. In the P3DDT:PCBM blend film, a relatively coarsegrained initial phase separation was produced in the as-cast film, because side-chain crystallization occurs during the course of spincoating. Afterward, upon annealing at 130°C, a relatively large-scale phase separation is formed, induced by side-chain melting and PCBM aggregation. Consequently, PCBM should not be able to diffuse considerably during as-cast film formation. Comparatively, upon heat-treatment at 130°C for 10 min, the PCBM diffusion rate is remarkably increased for the P3DDT-based blends when com- Figure 9 . SEM topography images of P3DDT:PCBM blend films: ͑a͒ Ascast ͑nonannealed͒ film and ͑b͒ annealed at 130°C for 10 min.
pared with the annealing conditions of as-cast film formation, and therefore results in a larger-scale phase separation. The PV properties of P3AT:PCBM solar cell devices are tabulated in Table V . Table V indicates that in the nonannealed ͑as-cast͒ devices, a, c, and e, device a has the smallest short-circuit current density ͑J sc ͒ due to the coarse phase segregation presented in the as-cast film of P3BT:PCBM blend. Compared with the nonannealed devices a, c, and e, upon annealing, open-circuit voltage ͑V oc ͒ increases for devices b and d, but seriously decreases for device f. A possible explanation was given by Liu et al., 29 who stated that the interface composition of a polymer and fullerene near the metal contact determines the open-circuit voltage. In other words, the V oc is related to the relative amount of polymer and fullerene present at the film surface. In this sense, based on film roughness results, we expect enhanced surface contact in devices b and d owing to decreased film roughness in P3BT:PCBM and P3HT:PCBM blends, which causes higher V oc values, whereas a severe drop in V oc value for device f due to unfavorable coarse phase separation caused by the PCBM acute diffusion in P3HT:PCBM blend.
Conclusions
The following conclusions were reached:
1. XRD studies indicated that the main chains of each polymer were arranged in regular, layered arrays, which were characteristic of many conjugated rigid polymers.
2. These layered arrays manifested themselves as liquid crystalline structures in P3HT and P3DDT.
3. The temperatures of isotropization of the liquid crystalline structures in the three polymers coincided with the respective disordering temperatures determined by DSC.
4. Combined information of AFM, SEM, and POM observations show that ͑i͒ coarse phase segregation existed in the as-cast film of P3BT:PCBM blend due to an unsatisfactory dissolving behavior in chloroform; and ͑ii͒ upon annealing, the film roughness of the P3DDT:PCBM blend increases dramatically due to the diffusion of the PCBM, leading to a coarse phase separation, while it decreases slightly for both P3BT:PCBM and P3HT:PCBM blend films due to enhanced miscibility.
5. Upon annealing, the enhanced miscibility in both P3BT:PCBM and P3HT:PCBM blend films improves interfacial property, and hence results in increased V oc values for both P3BT-and P3HT-based devices; whereas a severe drop in J sc and V oc values for P3DDT-based device due to unfavorable coarse phase separation caused by the PCBM acute diffusion in P3HT:PCBM blend. Figure 10 . ͑Color online͒ POM images: ͑a͒ Pristine P3DDT film with and without, ͑b͒ P3DDT/PCBM blend film without, and ͑c͒ P3DDT/PCBM blend film with thermal annealing at 130°C for 10 min.
